A B S T R A C T The equilibration of cholesterol between plasma and atherosclerotic arteries was studied in 13 latients with obstructive atherosclerosis 2-96 days after the intravenous and/or oral administration of isotopic cholesterol. Arterial specimens were obtained in 12 patients during surgery for arterial reconstruction and in a 13th patient at autopsy. Equilibration was calculated as the specific radioactivity of cholesterol in the arterial tissue relative to that in the plasma (percent).
INTRODUCTION
Previous radioisotopic exchange studies in patients with limited life expectancy have indicated that the tracer cholesterol fed orally or administered intravenously could be detected in the aorta and other arteries at autopsy (2) (3) (4) (5) (6) (7) . Since the labeled cholesterol was incorporated into the plasma lipoproteins after its administration (2, 8) , these results demonstrated a measure of equilibration of cholesterol between plasma and arterial tissues. In these patients with terminal disease and generally poor nutritional state, steady-state conditions did not usually prevail, and cholesterol turnover in the atheromatous lesions could not be reliably estimated. It would thus be desirable to study the equilibration of cholesterol between the plasma and arteries in living humans, without the complication of debilitative terminal illnesses, and during a period of time when the subjects were in a metabolic steady state. Such a study could (9) , but in man, this problem can never be investigated by such direct means. In the present investigation, isotope exchange studies have been used to estimate the minimal influx rates of plasma cholesterol into severely atherosclerotic plaques in patients in a metabolic steady state. The rates have in turn been utilized to derive the maximal estimates for turnover time of atheroma cholesterol in order to ascertain the possibility of regression of established atherosclerotic lesions in man. METHODS Subjects. 13 patients who had progressive obstructive atherosclerosis, 9 men and 4 women, aged 40-69 yr, were the subjects of this investigation (Table I) . Six patients had serum lipid values classifiable as type II-a hyperlipoproteinemia; one patient had the Type I-b pattern; four showed the type IV pattern; and two others had serum lipid levels usually considered normal (10, 11) . The mean serum lipid levels for the whole group of patients were: cholesterol, 255+72 (SD) and triglycerides, 191+83 mg/100 ml. 12 of the patients (nos. 1-12) had severe peripheral atherosclerosis and had a history of moderate to heavy smoking over a period of 2 decades or more. They had been referred for elective surgical reconstruction of peripheral arterial stenosis. The remaining patient (no. 13), a nonsmoker, had severe coronary stenosis (three vessel disease) and was not a candidate for bypass surgery. This man had a fatal cardiac arrest in the hospital from an acute myocardial infarction. One patient, (no. 8) was receiving cholestyramine (Questran, Mead Johnson Laboratories, Evansville, Ind., 16 g/day) and clofibrate (Atromid-S, Ayerst Laboratories, New York, 2 g/day). Another patient (no. 12) had juvenile-onset diabetes, well controlled by insulin. These medications were continued at the same level throughout the period of the. study. Other patients were not receiving hypocholesterolemic agents. Informed consent was obtained from each subject according to the Declaration of Helsinki.
Diets. During the period of study, all the patients received eucaloric diets similar to their home diets with respect to the quantity and type of fat and the amount of cholesterol. Six of the patients (nos. 8-13) had received special dietary advice earlier. Five of these (nos. [8] [9] [10] [11] [12] had diets providing 20% fat calories (iodine, no. 80-85) and a cholesterol content of 100 mg for periods of a few months to 1 year before their enrollment in the study.
Patient 13 had been given a cholesterol-free diet with 40% of the calories from fat with an iodine number of 120. The remaining patients had been consuming a general American diet, providing 30-40% of calories as fat with a cholesterol content of about 500-600 mg/day. During the period of the study, all the subjects were in a metabolic steady state. 1 Experimeintal plan. Each patient was given radio-labeled cholesterol at varying periods of time before the surgical reconstruction of the peripheral arteries. The specific radioactivity (sp act) of the plasma cholesterol was followed periodically until the day of surgery. Specimens of obstructed arteries were obtained at surgery and analyzed for cholesterol content and specific radioactivity.
Isotopic cholesterol 2 was administered either intravenously or orally; in some patients, both routes of administration were utilized. Before use, the purity of the isotopes was verified (97% recovery) by thin-layer chromatography (on silica gel G in a solvent system of benzene: ethyl acetate, 9: 1). For intravenous administration, isotopic cholesterol was dissolved in 5 ml of ethanol, sterilized by passing through a 0.2-, millipore filter, and diluted in 500 ml of sterile normal saline. This solution was infused intravenously over a 1-h period. 11 of the patients received the isotope by the intravenous route; 2 patients received the isotope only through the oral route; and 5 patients were given 2 different isotopes of cholesterol orally and intravenously (Table I ). The oral administration was in the form of a breakfast meal previously described (12) and contained the labeled cholesterol mixed with egg yolk to provide 500 mg of cholesterol. One patient (no. 5) received separately both tritiated cholesterol and the [C'4]cholesterol as intravenous infusions but at two different times, 17 and 62 days, respectively, before the day of surgery.
Collection of arterial specimens. Patients 1-12 underwent surgery for arterial reconstruction 2-81 days after receiving the labeled cholesterol (Table I) . Endarterectomy or plaquectomy was performed in the carotid, femoral, and iliac arteries and the distal abdominal aorta. Some patients needed an aorto-femoral bypass grafting, in which case the obstructed arteries (mostly the distal aorta and the common iliac arteries) were excised, and the entire specimen was collected for analysis. Patient 13, who had severe three vessel coronary heart disease and who was being followed under a different protocol to study plasma cholesterol turnover, had a fatal cardiac arrest from an acute rnyocardial infarction 96 days after receiving isotopic cholesterol. At autopsy, in addition to specimens of the aorta and the three coronary arteries, tissues such as liver and skeletal muscle were also sampled for analysis. The arterial specimens removed at surgery were all severely atheromatous and had no areas of "normal" intima discernible by visual examination. Many plaques were ulcerated and calcified. Atheromatous abscesses, as well as obstructing thrombi, occurred frequently. Histological confirmation of the gross examination was obtained in all instances. A total of 43 arterial specimens were obtained from the 13 patients at different time periods (2-96 days) after administration of isotopic cholesterol.
Determination of specific activity of plasma cholesterol.
The plasma cholesterol concentration was determined by the method of Abell, Levy, Brodie, and Kendall (13). Radioactivity was determined in the unsaponifiable extract of the plasma by using 10 ml of a scintillation solution (4 and skeletal muscle, were also washed free of blood before analysis. All tissues were cut and minced with a pair of scissors, placed in precisely weighed beakers, and dried at 60'C in vacuo for 48 or more h to constant weight. The dried tissue was extracted repeatedly with fresh volumes of hot chloroform: methanol (2: 1) over a 2-day period. The last few extractions were done by grinding the tissue with the hot solvent mixture in a mortar. The lipid extracts were filtered through an ether-washed filter paper into a volumetric flask. Aliquots of this extract were taken for evaporation, saponification with alcoholic KOH at 70'C for 2 h, and re-extraction with hexane. Known aliquots of the hexane extract were used to determine cholesterol by the Liebermann-Burchard reaction (13) . Suitable aliquots were also taken for the determination of radioactivity by liquid scintillation counting, as stated before. In view of the smallness of the sample size and its low radioactivity, some of the specimens were analyzed for their cholesterol content by gas-liquid chromatography using cholestane and stigmasterol as internal standards (method described below). Determination of esterified cholesterol. The proportion of ester cholesterol to free cholesterol in the arterial tissues was determined by a gas chromatographic method (Jagannathan and Connor, to be published). The method depends on the principle that, for the preparation of an ether derivative, a free hydroxyl group is needed in the steroid nucleus and that the cholesterol esters do not emerge from the column rapidly under the temperature, flow, and column conditions followed. Cholestane and stigmasterol were added as internal standards and mixed uniformly with a known volume of the tissue lipid extract. Trimethylsilylether derivative of cholesterol was prepared in 2 aliquots, one before saponification (for the free cholesterol fraction) and the other after saponification and extraction (for total cholesterol). The trimethylsilyl-ether derivatives of sterols were separated and quantified at 2300C on a HP-7610 A gas chromatograph, fitted with a hydrogen flame ionization detector on a column of SE-30 (3.8%) on Diatoport S (Hewlett-Packard Co., Palo Alto, Calif.), 80/100 using helium as the carrier gas. This method gave comparable results with an established method described below.
Determination of sp act of free and esterified cholesterol fractions. With a solvent mixture containing hexane: diethyl ether: acetic acid, 80: 20. 1, the free and esterified cholesterol were separated by thin-layer chromatography on silica gel G. The lipid bands were visualized under ultraviolet light after spraying with a 0.2% solution of rhodamine G in 50% ethanol. The free and esterified cholesterol bands were scraped and extracted with 5 X 5-ml vol of diethyl ether. Pooled ether extracts were evaporated to dryness and redissolved in known volumes of hexane. Suitable aliquots of hexane extract were used to determine cholesterol content and radioactivity, and the sp act was calculated for the free and the esterified fractions. Some arterial specimens were too scanty to permit all of the above determinations.
Plasma cholesterol turnover curve: time periods of obtaining arterial specimens. A typical decay curve of the plasma cholesterol sp act after intravenous pulse labeling with [4-C4] cholesterol is shown in Fig. 1 . The curve exhibits two exponentials for the length of the observed period (15) . Each arrow along the curve indicates a time when specimens of atheroma were obtained during surgery for arterial reconstruction in 12 of the 13 patients and at autopsy in the 13th patient. Thus, intimal specimens were obtained from 2 to 96 days after pulse labeling, the periods of time that covered both the early portions and the later (relatively linear) portions of the plasma cholesterol sp act decay curve (Table I) .
RESULTS
The equilibration of cholesterol between plasma and atheroma during the early phase of the plasma sp act decay curve (2-27 days). The ratio of the specific Turnover of Atheroma Cholesterol in Man 369 )F (Tables IIIA, IIIB) .. Atheroma cholesterol in abdominal aorta (nine specimens from seven subjects) had equilibrated to an extent of only 55% (Fig. 2) . The cholesterol of the iliac and femoral atheroma equilibrated even less, 30% and 26%, respectively. This difference between the different arteries could not be correlated with the respective cholesterol contents. However, all arteries were severely atherosclerotic, and all had high cholesterol contents despite some differences. In patient 13 who died of coronary heart disease 96 days after isotopic administration, cholesterol of the three coronary arteries had a mean equilibration of 66%, a value equaling that for the abdominal aorta and similar to that found for the thoracic aorta (Fig. 3) . Liver cholesterol was completely equilibrated with plasma cholesterol. A heavily involved area of the aortic arch, which had a cholesterol content of 180 mg/g dry tissue, had an equilibration of only 20%, whereas a nearby less involved area, with a cholesterol concentration of only 30 mg/g, had a higher equilibration at 45%.
The effect of route of administration of the labeled cholesterol (intravenous or oral) upon the equilibration of cholesterol between atheroma and plasma. In 5 subjects who received cholesterol with different labels simultaneously by the intravenous and oral routes, the percent equilibration values obtained for the 2 routes were not significantly different for 14 specimens of abdominal aorta, common iliac, and femoral arteries analyzed (Table IV) .
The cholesterol equilibration in different layers of atheromatous plaques and in the free and esterified fractions. Superficial layers of the atheroma, representing the subendothelial region, equilibrated to a significantly higher extent than did the corresponding deep layers in both abdominal aorta and common iliac artery (Table V) . The mean equilibration was 75% in the superficial layer compared with only 22% for the deep layer. The concentration of cholesterol in th was, however, similar. Atheromatous abscesses, even when sup cated, had poor equilibration. Patient 12, i had several atheromatous abscesses; the was only 22% in the abscess found in the ri iliac artery and 36% in that in the distal aoi were occasionally found attached to a plaques of the distal aorta and were ane The specific activities of cholesterol in the atherosclerotic intima and media were compared in seven oerficially lo-specimens of abdominal aorta and common iliac artery in particular, obtained from four subjects (Table VI) . The intima equilibration had a mean cholesterol concentration of 85.5 mg/g; the ight common corresponding media had a value of only 5.3 mg/g, rta. Thrombi which indicated that the media analyzed was relatively Ltheromatous uncontaminated by intimal cholesterol. The mean sp act alyzed along of cholesterol in the media was four times greater than that in the intimal plaque (916 vs. 230 dpm/mg).
Esterified cholesterol constituted about 67% of the total cholesterol in 13 specimens of atheromatous plaques analyzed. The esterified fraction of atheroma cholesterol had equilibrated with plasma cholesterol only to an extent of 38%, whereas the free cholesterol fraction equilibrated (59%) to a significantly higher extent CORONARY (P <0.01) in studies carried out from 61 to 78 days ANT. DSC after the administration of isotopic cholesterol (Table   CIRCU7 . VII).
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The equilibration of cholesterol between plasma and r.68 the skeletal muscle. dpm/g intimal tissue (1) Since it is known that in situ synthesis of cholesterol area under the plasma cholesterol does not contribute significantly to the pool of accumusp act decay curve lated intimal cholesterol (16, 17) , one could derive conIn the above relationship, it is assumed that efflux of ditionally the following two maximal estimates from a radioactivity out of arterial intima is negligible or knowledge of the cholesterol concentration of the atherominimal over the duration of the study. This assumption matous tissue and the minimal influx rate (Table VIII) . The maximal estimates of turnover time derived as above for the different arteries were as follows: abdominal aorta, 442±50 (SE) days; coronary arteries, 443+ 45 days; common iliac artery, 580±88 days; and femoral artery, 821±82 days (Table VIII) . DISCUSSION The crucial question about advanced atherosclerotic lesions in man is whether they conceivably can undergo regressive changes such that improvement of blood flow might result. The direct approach to this question not being possible in man, one must then either draw inferences from the evidence about regression in experimental animals or else design human experiments utilizing atherosclerotic lesions obtainable at the time of surgery or at autopsy. In animals, regression has been demonstrated by morphological changes and by chemical changes, i.e., by a reduction in cholesterol content.
In man, since a similar type of controlled experiment can- ' If there was no significant efflux of atheroma cholesterol. ' If atheroma cholesterol was indeed in a steady state with influx being equal to efflux. not be carried out, perhaps an indirect study could provide some information about the possibilities of regression. An example of an indirect study would be the measurement of cholesterol turnover in the atherosclerotic artery. If cholesterol in the arterial wall does not exchange with cholesterol in the blood, it is clearly contained in an inert pool within the atheroma. Under that circumstance, it would be unlikely that any regression would occur. For regression to occur, cholesterol must be mobilizable, and, if there is no exchange of cholesterol between blood and arterial wall, then there is no likelihood of cholesterol being transferred out of the artery. There is no evidence to suggest that cholesterol may be metabolized in situ in either the normal artery or the atheromatous arterial intima. The tissues of animals and man cannot metabolize the steroid nucleus, i.e., the basic steroid ring structure once deposited in the tissues remains intact. Thus, the techniques of isotopic cholesterol exchange and turnover might well be employed in patients from whom atheromatous specimens were obtained in order to obtain information in this important area of concern.
In the monkey, a considerable amount of regression occurred during hypocholesterolemic dietary regimens, the lesions decreasing from about 60% occlusion of the coronary tree to about 20% occlusion as judged by morphological criteria (9) . Chemically, this regression was represented by the removal of 64% of the cholesterol contained in the original atherosclerotic lesion (18) .
Isotopic techniques have also revealed that the atherosclerotic monkey aorta exchanges cholesterol with the plasma as readily as the normal aorta (Jagannathan and Connor; Connor and Wissler, unpublished observations).
On the other hand, the atherosclerotic rabbit aorta failed to regress, and at the same time, it did not exchange its cholesterol with that of the plasma (19) . This composite of information suggests that the exchangeability of cholesterol between atheroma and plasma may be taken as an important indication of the possible regression of atherosclerosis. In our human study, the cholesterol contained in clinically significant and severely obstructive atherosclerotic lesions had the capacity to equilibrate with the plasma cholesterol up to 55±9.0% (SE) for the abdominal aorta by 61-96 days, for example.
On the other hand, in our study, the-sp act of atheroma cholesterol never equaled the sp act of the plasma cholesterol, despite time periods up to 96 days after the intravenous administration of isotopic cholesterol. The equilibration averaged from 30 to 66% for various ar- teries. We interpret these data as follows. Considerable equilibration between the cholesterol of plasma and atheroma did indeed occur in severely obstructive atherosclerotic plaques. Hypothetically, the sp act curve of atheroma cholesterol would ultimately cross the declining sp act curve of the plasma cholesterol. Clearly, with severe atherosclerosis and a very large pool of unlabeled cholesterol which would dilute greatly the entering labeled cholesterol, a longer time period would be required for equilibration. In other studies, when the lesions were less severe and the time periods longer, from 137 to 371 days, this crossover phenomenon of atheroma and plasma cholesterol sp act was demonstrated (3, 5, 7) .
While our results were somewhat comparable to those. of previous studies (2) (3) (4) (5) (6) , the present investigation dif--fers in the.following major respects: (a) -it was conducted in 12 cholesterol (21) . Its greater equilibration (relative sp act of 82% at 28 days and 534% at 122 days) may be accounted for by its greater vascularity and cellularity with fewer areas of necrosis.
An indication of active cholesterol metabolism in even severely obstructed atherosclerotic plaques was provided not only by the uptake of free cholesterol from the plasma but also by the occurrence of radioactive cholesterol ester. This later feature may be explained by: (a) the direct uptake of isotopic cholesterol ester from the plasma, a process considered to occur, if at all, at a very slow rate, and/or (b) by the esterification of free cholesterol which has already entered the plaque. In vitro studies using human arteries from cadaveric renal transplant donors have demonstrated significant cholesterol-esterifying activity in early atherosclerotic (foam cell) lesions (22) . The findings in the present investigation indicate the presence of an active cholesterol esterification system even in advanced atherosclerotic lesions in man.
The free cholesterol fraction of the atheroma equilibrated with the plasma cholesterol to a significantly greater extent than did the esterified fraction (59 vs. 38%). These data are evidence against the origin of most of the plaque cholesterol ester being derived from the plasma cholesterol ester, since free and ester cholesterol are completely equilibrated in the plasma (23) . They support the view that the origin of much of the cholesterol ester in the plaque is through in situ esterification of free cholesterol with the arterial wall fatty acid. When a large amount of free cholesterol enters the arterial wall in the development of the atherosclerotic plaque, the excess is apparently stored in the form of the more inert cholesterol ester. Free cholesterol entered the atherosclerotic plaque also more readily in the rabbit (16) .
The lack of correlation between the cholesterol content of the artery and the equilibration of its cholesterol with the plasma cholesterol is in contrast with observations in experimental animals. With increasing atheromatosis, a faster rate of plasma cholesterol influx into the arteries has been reported in the rabbit (16) and the white Carneau pigeon (24) . These experimental lesions were of the fatty streak type and were predominantly intracellular, unlike the advanced relatively acellular lesions studied in man in the present investigation.
Whether the early intracellular human lesions would also show accelerated influx of plasma cholesterol is a moot question. Besides, it could be that in advanced lesions with extracellular cholesterol and calcification the blood supply to the arterial intima per unit of mass may be limited. These factors could have contributed to the lower equilibration of cholesterol in these advanced human lesions.
The minimal influx rates of plasma cholesterol into the atheromatous plaque estimated in the present study were from 0.065 to 0.274 mg/g dry intimal tissue per day for different arteries. Using a slightly different experimental approach, Gould, Wissler, and Jones found this rate to be about 0.28-0.35 mg/g for the aorta and the coronary artery from patients with limited life expectancy (6). Field, Swell, Schools, and Treadwell obtained a somewhat higher value (0.35-0.46 mg) for turnover rate for "normal-appearing" aortic intima (3).
The influx rates were estimated with the assumption that efflux of radioactivity from the artery was minimal during the period of measurement (Table VIII) . If no efflux had occurred, the entire amount of cholesterol in the abdominal aorta would have accumulated over a period of 400-500 days (Table VIII) . Since the accumulation of cholesterol in the aortic plaque obviously takes place over a period of many years, one must conclude that the cholesterol in atheromatous plaques is in a state of flux. There is another observation in the present study which indicates the occurrence of efflux. In patient 5, who received labeled cholesterol at two time points before surgery (17 and 62 days), the sp act of atheroma cholesterol per unit dose of injected radioactivity was lower at 62 days than at 17 days in both abdominal aorta and common iliac artery. The minimal influx rates were, therefore, higher at the earlier period (0.55 vs. 0.27 for abdominal aorta and 0.37 vs. 0.17 for the common iliac artery). If there had been no efflux of radioactivity during the experimental period, the values for influx rate should have been similar for both periods. It is concluded, therefore, that there is definite efflux of radioactivity from atheromatous arteries in man.
Some correction for the efflux of radioactivity from the artery is possible (25) by subtracting the area under the tissue sp act curve from the area under plasma sp act curve in Eq. 3. However, since the tissue sp act curve did not follow the first-order kinetics (patient 5), and since there is no accurate way of predicting its shape, the turnover times estimated in the present study were not compensated for the loss of tissue radioactivity. If atheroma cholesterol had achieved a steady state, the data (Table VIII) should indicate a maximal estimate of turnover time. If efflux is sluggish and/or influx is active, or if a diet or drug should specifically facilitate efflux and/or reduce influx, estimates for turnover time would be much different. The occurrence of definite efflux of radioactivity even from such obstructive atherosclerotic lesions suggests further that the cholesterol in atherosclerotic lesions in man is potentially mobilizable. A better conceptual framework is yet to be devised to make possible more accurate measurements of influx, efflux and fractional turnover rates of atheroma cholesterol.
